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Background: Monitoring the expansion of abdominal aortic aneurysms (AAAs) is critical to avoid aneurysm rupture in
surveillance programs, for instance. However, measuring the change of the maximum diameter over time can only provide
limited information about AAA expansion. Speciﬁcally, regions of fast diameter growth may be missed, axial growth
cannot be quantiﬁed, and shape changes of potential interest for decisions related to endovascular aneurysm repair cannot
be captured.
Methods: This study used multiple centerline-based diameter measurements between the renal arteries and the aortic
bifurcation to quantify AAA growth in 51 patients from computed tomography angiography (CTA) data. Criteria for
inclusion were at least 1 year of patient follow-up and the availability of at least two sufﬁciently high-resolution CTA
scans that allowed an accurate three-dimensional reconstruction. Consequently, 124 CTA scans were systematically
analyzed by using A4clinics diagnostic software (VASCOPS GmbH, Graz, Austria), and aneurysm growth was monitored
at 100 cross-sections perpendicular to the centerline.
Results: Monitoring diameter development over the entire aneurysm revealed the sites of the fastest diameter growth,
quantiﬁed the axial growth, and showed the evolution of the neck morphology over time. Monitoring the development of
an aneurysm’s maximum diameter or its volume over time can assess the mean diameter growth (r[ 0.69, r[ 0.77) but
not the maximum diameter growth (r [ 0.43, r [ 0.34). The diameter growth measured at the site of maximum
expansion was w16%/y, almost four times larger than the mean diameter expansion of 4.4%/y. The sites at which the
maximum diameter growth was recorded did not coincide with the position of the maximum baseline diameter (r [ 0
.12; P [ .31). The overall aneurysm sac length increased from 84 to 89 mm during the follow-up (P < .001), which
relates to the median longitudinal growth of 3.5%/y. The neck length shortened, on average, by 6.2% per year and was
accompanied by a slight increase in neck angulation.
Conclusions: Neither maximum diameter nor volume measurements over time are able to measure the fastest diameter
growth of the aneurysm sac. Consequently, expansion-related wall weakening might be inappropriately reﬂected by this
type of surveillance data. In contrast, localized spots of fast diameter growth can be detected through multiple centerline-
based diameter measurements over the entire aneurysm sac. This information might further reinforce the quality of
aneurysm surveillance programs. (J Vasc Surg 2013;58:748-55.)
Clinical Relevance: Although the size of the aneurysm still remains the most accepted predictor of rupture risk, small
abdominal aortic aneurysms (AAAs) may also rupture. Thus, the new tools presented in this study use three-dimensional
aneurysm models, based on computed tomography angiography and multiple centerline-based diameter measurements
over the entire aneurysm sac, could help clinicians when making decisions to treat AAAs and when choosing alternative
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(AAA) repair is strongly related to the aneurysm’s risk for
rupture and is given for aneurysms that reach a maximum
centerline-based diameter of 55 mm.1 However, several
reports have demonstrated a rupture risk of AAAs sized <5
cm in diameter and also that the rate of expansion of the
aneurysm is crucial for a certain number of AAAs, indepen-
dent of their size.2-4 Therefore, a single threshold diameter
is not appropriate for every patient, and the decision to
perform elective AAA repair should ideally be individualized.
Consequently, apart from aneurysm size, many other risk
factors for aneurysm rupture have been suggested. For
example, aneurysm shape, blood pressure, female gender,
and other wall-weakening effects have been mentioned
speciﬁcally.5
Table I. Patient demographics and abdominal aortic
aneurysm (AAA) details
Variable No. or mean (range)
Patients 51
Age, years 70 (49-85)
Sex
Male 44
Female 7
Mean arterial pressure, mm Hg 97 (90-146)
Surveillance time frame, months 12 (2-24)
AAA diameter, mm
Baseline 46.6 (34.7-56.4)
Follow-up 49.5 (37-63)
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one time point), dynamic risk factors, such as the expansion
rate, have also been suggested.2-4 Aneurysm expansion in
common clinical practice is deﬁned as the change in
maximum aortic diameter over time, and an expansion
rate of 10 mm/y is generally considered as an indication
for elective repair.1,6 This practice is justiﬁed to some
extent through an expected wall weakening effect in
response to undesirable wall remodeling at fast AAA
growth. Speciﬁcally, aneurysm expansion correlates with
the density of the inﬂammatory cell,7,8 which in turn
increases matrix metalloproteinase activity7,8 and leads to
compromised wall strength.9,10 This biologic activity is
localized, such that spots of increased expression and acti-
vation of matrix metalloproteinases might contribute to
fast local aneurysm expansion.7,8
The biomechanical rupture risk assessment already
integrates many static risk factors into indices, such as the
peak wall stress11 and the peak wall rupture risk.12-14 Simi-
larly, dynamic wall-weakening effect could potentially be
integrated, which might further improve the biomechanical
rupture risk assessment.
Developing models that prescribe aneurysm wall weak-
ening as a consequence of their expansion rate requires
detailed growth information. Available data are currently
based on measuring the maximum diameter at two points
in time, which clearly cannot provide a comprehensive
picture on how aneurysm size and shape change over
time. For example, the morphology of the aneurysm neck
is especially important to minimize complications related
to endovascular aneurysm repair (EVAR),15,16 and its
change over time can clearly not be studied from maximum
diameter measurements.
Measuring the expansion of AAAs also presents a
number of methodologic challenges. First, the change in
diameter over time is small, nonlinear, and hard to
predict.17 It is characterized by periods of rapid growth,
followed by quiescience.18,19 Aortic diameter measure-
ments that use ultrasound imaging and, to a lesser extent,
computed tomography angiography (CTA), have a margin
of error of 2 to 3 mm,17,20,21 which is within the range of
the annual expansion of many small AAAs. Finally, the
development of treatment protocols based on AAA expan-
sion is somewhat limited due to missing follow-up data for
aneurysms that reach the AAA repair indication threshold.
Measuring the maximum diameter at two points in
time provides only limited information about aneurysm
growth. Speciﬁcally, regions of fast diameter growth might
be missed, axial growth cannot be quantiﬁed, and shape
changes of potential interest for EVAR-related decisions
cannot be captured. Motivated by these limitations, the
principal aim of the present study was to explore and inves-
tigate the growth pattern of the entire AAA sac. A multidi-
mensional analysis of AAA growth was applied to CTA
follow-up data from 51 patients. The applied analysis
method used multiple centerline-based diameter measure-
ments between the renal arteries and the aortic bifurcation.Sites with the highest diameter growth and axial growth, as
well as the evolution of the neck morphology over time,
could be extracted from the collected measurements.
Finally, the derived growth information allowed a critical
evaluation of conventional procedures to measure AAA
growth.
METHODS
Cohort. Data for 51 patients with nonruptured
infrarenal AAAs were retrospectively collected from the
S. M. Misericordia Hospital Perugia, Italy (n ¼ 32), Karo-
linska University Hospital, Stockholm, Sweden (n¼13),
and University Hospital Liege, Belgium (n ¼ 6). Patients
were monitored between 2 and 24 months with repeated
contrast-enhanced multislice CTA, where the median
overall follow-up period was 12 months (interquartile
range [IQR], 11 to 13 months). Some further patient data
are given in Table I.
Criteria for inclusion were at least 1 year of patient
follow-up and the availability of at least two sufﬁciently
high-resolutionCTAscans that allowed accurate reconstruc-
tion at two different time points. CTA scans with strongly
inhomogeneous lumen intensity were rejected. Other exclu-
sion criteria were patients with chronic kidney disease,
contrast agent intolerance, and symptomatic patients.
Patient age, sex, blood pressure, and smoking status
were taken from patient records. The collection and use
of anonymized data from human subjects was approved
by the local ethics committees.
Aneurysm geometry representation. Aortic geome-
tries between the renal arteries and the aortic bifurcation
from 124 CTA scans were systematically analyzed by a single
observer. The three-dimensional (3D) AAA geometry
(Fig 1, A) was reconstructed using deformable (active)
contour models22 that were implemented in the A4clinics
4.0 diagnostic software (VASCOPS GmbH, Graz, Austria).
The accuracy of this type of geometric reconstruction is in
the range of one in-plane pixel size.22 All reconstructions
were veriﬁed by another author of the study.
Reconstructed AAA geometry was used to automati-
cally calculate the aneurysm volume (V); that is, the volume
Fig 1. Abdominal aortic aneurysm (AAA) geometry acquisition. A, Three-dimensional anatomy is reconstructed from
computed tomography angiography scans using a deformable segmentation model. B, Simpliﬁed geometry repre-
sentation uses splines perpendicular to the aneurysm’s centerline.
Fig 2. Deﬁnition of the geometric properties of an abdominal aortic aneurysm (AAA). A, Centerline-based outer
aortic diameters. Dmax, maximum diameter; D1, aortic diameter at the lowest renal artery. B, Centerline length
segments. N, neck length; S, aneurysm sac length. C, Angulation a.
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versal planes at the lowest renal artery and the aortic bifur-
cation, respectively. Then, the 3D model was automatically
sliced orthogonally to the centerline so that the aneurysm’s
luminal and outer surfaces were represented through
splines (Fig 1, B). Speciﬁcally, 100 splines were used for
each aneurysm, which together with the centerline,
provided a simpliﬁed 3D representation. This geometric
representation allowed a fully automatic analysis with
a specially developed in-house algorithm using MatLab
software (The MathWorks, Natick, Mass).
Luminal and outer diameters were measured from
each spline, which in turn deﬁned the largest outerdiameter (Dmax) and the diameter (D1) at the lowest renal
artery (Fig 2, A). The aneurysm neck length (N), the
portion between the lowest renal artery and the proximal
onset of the aneurysmatic enlargement (ie, where the
outer diameter was 10% larger than the aortic diameter
at the lowest renal artery [D1])23,24 was extracted
(Fig 2, B). Similarly extracted was the aneurysm sac length
(S), the length of the centerline from the proximal onset
of the aneurysm down to the aortic bifurcation (Fig 2,
B). Finally, the angulation (a) was computed (Fig 2, C);
that is, the rotation that is required, such that the extrap-
olation of the straight centerline in the neck meets the
aortic bifurcation.23,24
Fig 3. Box and whisker plots show multiple centerline-based
aneurysm expansions and global-based aneurysm expansions.
gMAX, maximum diameter growth; gMEAN, mean diameter growth,
which is averaged between the renal arteries and the aortic bifur-
cation; gD, global maximum diameter-based expansion rate; gS,
global longitudinal aneurysm expansion; gV, global volume-based
aneurysm expansion. The horizontal line in the middle of each box
indicates the median, the top and bottom borders of the box mark
the 75th and 25th percentiles, respectively, the top whiskers mark
the 75th percentile þ1.5 interquartile range (IQR), while the
bottom whiskers mark the 25th percentile 1.5 IQR, and the þ
symbols denote outliers.
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rysm growth, the changes of the geometric properties were
compared between two consecutive CTA scans. Multiple
comparisons were made for patients who had more than
two CTA scans, and 7300 expansion observations were
processed in the present study.
Speciﬁcally, the nonlinear growth model
g ¼

X 1-year followup
X baseline
 1

$100
¼ ½Expð12 rÞ  1$100½%=y;
where X baseline and X 1-year follow-up denote baseline and
1-year follow-up quantities, was used. Exp (d) is the
exponential function of (d). Because the measured quantity
X was not always given at the 1-year follow-up, the loga-
rithmic growth factor r ¼ 1
t
Ln

X followup
X baseline

was used to
calculate g, where t denotes the time interval between
two measurement points in months. Ln (d) is the natural
logarithmic function of (d).
To study the diameter expansion, g was computed at
100 cross-sections along the aneurysm. Speciﬁcally, the
diameters that were at the same relative centerline position,
between the two time points at which CTA scans were
taken, were thought to correspond to each other. From
these measurements, maximum gMAX and mean gMEAN
diameter expansions were extracted.
Standard maximum-diameter measures were used to
deﬁne the global maximum diameter-based expansion
rate gD, with r ¼ 1
t
Ln
Dfollowupmax
Dbaselinemax
which compares the
maximum diameters at baseline and follow-up. Note that
the maximum diameters Dbaselinemax and D
followup
max are, in
general, not at the same relative centerline position.
Finally, volume measurements were used to deﬁne
global volume-based aneurysm expansion gV with
r ¼ 1
t
Ln

V followup
V baseline

; and centerline length measurements
deﬁned global longitudinal aneurysm expansion gS with
r ¼ 1
t
Ln

S followup
Sbaseline

.
Statistics. Statistical analysis was performed with
SPSS 20.0 software (SPSS Inc, Chicago, Ill). The nor-
mality of the data was assessed using the Shapiro-Wilk
test. The paired t-test was used for paired variables with
normal distribution, and the Wilcoxon matched pairs test
was used for non-normal data. For the null hypothesis
test, a two-sided P < .05 was set to determine statistical
signiﬁcance.
Correlations between the maximum diameter-based
expansion rates ðgDÞ, the volume-based expansion rates
ðgVÞ, and the multiple centerline-based growth measures
of gMAX and gMEAN were assessed. This analysis aimed at
quantifying the extent to which aneurysm growth could
be extracted from measuring the maximum diameters orthe volumes at two time points. In addition, the correlation
between the site of the maximum diameter and the site of
maximum growth was investigated.
RESULTS
AAA growth measurements. The calculated growth
measurements are shown in Fig 3. The maximum di-
ameter growth gMAX (median, 16%/y; IQR, 12.3%/y to
23%/y) was about four times larger than the mean
diameter growth gMEAN (median, 4.4%/y; IQR, 2%/y to
7.4%/y). The maximum diameter growth gMAX differed
signiﬁcantly (P < .001) from gD(median, 6.4%/y; IQR,
3.5%/y to 8.6%/y) and gV(median, 10.7%/y; IQR,
7.7%/y to 17%/y); that is, the growth based on relating
the maximum diameters or the volumes measured at the
two time points, respectively.
The overall aneurysm sac length (S) increased (P <
.001) from 85.37 mm (IQR, 74.3 to 95.7 mm) to 89.44
mm (IQR, 81.55 to 101.75 mm) during the follow-up,
which relates to a median longitudinal growth ðgSÞ of
3.5%/y (IQR, 0.84% to 11.5%).
The subgroup analysis reported in Table II found that
AAA expansion was not associated with age and mean arte-
rial pressure but were increased in current smokers,
women, and larger baseline diameters, similar to previous
reports.17,25 However, none of the subgroup results re-
ported in Table II reached statistical signiﬁcance, probably
due to the small sample size.
The relative centerline position, at which the maximum
diameter growth gMAX was recorded, did not coincide with
Fig 4. Locations of maximum diameter growth ðgMAXÞ and
maximum baseline diameter ðDbaselinemax Þ as a function of the relative
centerline position. 0 corresponds with the renal arteries location
and 1 with the aortic bifurcation position.
Table II. Measured abdominal aortic aneurysm (AAA)
growth by patient characteristics at baseline and risk
factors
Factor Pts, No.
AAA growth measurements, %
per year (median)
gMAX gMEAN gD gV gS
Age at baseline,
years (tertiles)
49-69 20 16.7 5 6.1 12.9 4.3
70-74 17 22.4 5.8 7.8 11.7 3.24
75-85 14 16.8 4 5.2 10.7 3.79
Sex
Male 44 16.4 4.6 5.6 11.8 2.8
Female 7 20.9 5.2 7.9 16.9 10.2
Dbaselinemax , mm (tertiles)
35-45 17 15.7 3.2 4 10.3 2.45
46-48 17 18.3 4.7 7 10.4 3.44
48-56 17 18.9 5.9 7.2 16.7 5.9
Smoking status
Never 20 17.2 3.9 4.9 10.6 1.33
Former 9 17.5 4.8 6.1 12.7 1.97
Current 11 22.9 5.6 6.7 16.7 4.7
Unknown 11 16.4 4.2 7 13.8 1.53
MAP at baseline,
mm Hg (tertiles)
90-93 30 16.6 4.7 6.4 11.2 4
94-98 4 18.4 5.3 4.9 14.6 3
99-147 17 18.7 4.7 7.5 14 3.45
Dbaselinemax ,Maximum diameter at baseline; g
MAX , maximum diameter growth;
gMEAN , mean diameter growth; gD, global maximum diameter-based
expansion rate; gS, global longitudinal aneurysm expansion; gV , global
volume-based aneurysm expansion; MAP, mean arterial pressure.
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This was conﬁrmed by a Spearman coefﬁcient of 0.12
(P ¼ .31) that deﬁned the correlation between the two
frequency distributions shown in Fig 4.
Correlation analysis. The correlations between the
maximum diameter-based expansion rates gD, the
volume-based expansion rates gV, and the multiple
centerline-based growth measures gMAX and gMEAN are
shown in Fig 5. These variables were distributed normally,
and the Pearson correlation was calculated. Speciﬁcally,
poor correlation was found between gMAX and gD(r ¼
0.43; P < .001) as well as between gMAX and gV(r ¼ 0.34;
P < .001), and gMAX and gMEAN (r ¼ 0.42; P < .001),
which means that measuring the maximum diameters or
the volumes at two time points cannot be used to quantify
the maximum diameter growth.
In contrast, a correlation was seen between gMEAN
and gD (r ¼ 0.69; P < .001) as well as between gMEAN
and gV (r ¼ 0.77; P < .001), indicating that measuring
the maximum diameters or the volumes at two time
points allows an estimation of the mean diameter growth.
Moreover, no correlation was found between gMAX and
gS (r ¼ 0.13; P ¼ .26) or between gMEAN and gS
(r ¼ 0.06; P ¼ .64).
Aortic aneurysm neck evolution. There were no
signiﬁcance differences (P ¼ .99) between the diametersD1 at the lowest renal artery at baseline (median, 23.93
mm; IQR, 21.74 to 27.37 mm) and at follow-up (median,
24.16 mm; IQR, 22.02 to 27.02 mm). The mean diameter
growth of 2.4%/y (IQR, 3.7%/y to 6.8%/y) and the
maximum diameter growth of 6.9%/y (IQR, 0%/y to
13%/y) deﬁned the enlargement of the neck.
The aortic neck length N shrank slightly over time,
from 17.53 mm (IQR, 11.00 to 29.12 mm) at baseline
to 15.38 mm (IQR, 9.41 to 26.73 mm) at follow-up,
which statistically was not a signiﬁcant difference (P ¼
.12). It corresponds to a median longitudinal growth
of 6.2%/y (IQR, 33%/y to 22.3%/y; Fig 6).
A slight increase in aortic neck angulations a was
observed, from 28.62 (IQR, 20.10 to 39.98) at baseline
to 29.48 (IQR, 20.78 to 43.54) at follow-up, which was
not statistically signiﬁcant (P ¼ .32). It corresponds to
a median rate of 2.134/y (IQR, 2.65/y to 7.30/y;
Fig 6).
Fig 5. Association of maximum ðgMAXÞ and mean (gMEAN) diameter growth with global maximum diameter-based
expansion rate ðgDÞ and global volume-based aneurysm expansion ðgVÞ with Pearson correlation.
Fig 6. Box and whisker plots of aortic aneurysm neck morphology
change during the follow-up period. The horizontal line in the
middle of each box indicates the median, the top and bottom
borders of the box mark the 75th and 25th percentiles, respectively,
the top whiskers mark the 75th percentile þ1.5 interquartile range
(IQR), while the bottom whiskers mark the 25th percentile 1.5
IQR, and the þ symbols denote outliers.
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Fast growth of the aneurysm wall compromises its
structural integrity,7-10 which naturally increases the risk
for AAA rupture. Consequently, monitoring the growth
of small AAAs is critical to avoid rupture in surveillance
programs, for instance. AAA growth is currently monitored
by measuring the development of its maximum diameterover time. The present study showed that aneurysms did
not grow fastest at the site of the maximum diameter but
randomly anywhere along the aneurysmatic sac. Thus,
monitoring the development of the maximum diameter is
not able to measure the maximum diameter growth of
the aneurysm. Similarly, monitoring the volume of an
AAA cannot predict its maximum growth. Although
volume measurements account to some extent for longitu-
dinal growth, small focal areas of fast growth cannot be
distinguished from larger areas of slow growth.
In contrast, monitoring the development of the
maximum diameter or the volume over time provides
adequate measurements for the aneurysm’s average growth
rate. Here, volume measurements are slightly better than
maximum diameter measurements, indicating that volume
might be a more representative parameter to reﬂect
morphologic aneurysm changes, as suggested earlier.26
However, the complex shape of aneurysms is deﬁned by
strong local changes in surface curvature,27 which naturally
cannot be described by single parameters such as the
maximum diameter or the volume.
The maximum diameter growth of about 16%/y in our
cohort was almost four times larger than the mean diam-
eter expansion of 4.4%/y. Apart from diameter growth,
the aneurysms also grew considerably in the longitudinal
direction by 3.5%/y. This observation questions moni-
toring methods that are related to certain cross-sections.
Because the aneurysm neck length shrank only minimally
over time (1.09 mm/y), the measured longitudinal growth
translates into (further) bending of the aneurysm.
The observed absolute mean diameter growth over 1
year of 2.05 mm/y is within the margin of error for
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method problematic when monitoring small AAAs. One
reason for its poor accuracy is the 2D nature of standard
ultrasound measurements, and analyzing a 3D geometric
model naturally improves the accuracy. The present study
used a general geometric analysis of 3D aneurysm models
based on CTA data, which basically would be clinically
applicable. However, generating CTA data is not only
more expensive than ultrasound imaging but also exposes
patients to ionizing radiation and intravenous contrast,
which might not be suitable for all patients. If CTA scan-
ning is contraindicated, magnetic resonance angiography
or 3D ultrasound imaging could provide alternative input
data for the proposed multidimensional AAA analysis.
The multiple centerline-based diameter measurements
applied in this study also provided a comprehensive picture
of the anatomic changes of the aneurysm neck over time,
which could inﬂuence EVAR treatment decisions. The
aortic diameter at the lowest renal artery was 15% larger
than in a healthy population of the same age and gender
ratio28 and expanded at 2.4% per year, which is about
2.5 times faster than for the normal aorta.28 This result
might indicate that the neck tissue too is already aneurys-
matically altered. Finally, the neck length shortened by an
average of 6.2% per year, which was accompanied by a slight
increase in neck angulation. These results are conﬁrmed by
earlier studies reporting that despite anatomic changes in
aortic aneurysm shape, suitability for EVAR and clinical
management do not signiﬁcantly change at midterm
follow-up.29
CTA is not the standard follow-up modality for small
AAAs, which explains the short follow-up time and the
small number of patients in this study. This must also be
seen as the main study limitation, and a prospective study
with at least 3 years of follow-up and larger sample size
that takes into account all the baseline characteristics of
patients and AAAs would be required to get meaningful
information for clinical practice, as reported in the
literature.17
Regardless of this shortcoming, our results can be
compared with previous results. On the basis of an average
growth rate of 4.4%/y from our cohort, a 40-mm AAA
would breach 55 mm at the time t ¼ Ln[55/40]/Ln
[1.044] ¼ 7.4 years. Similarly, considering the quartile of
fast growers in our cohort, we can estimate that 25% of
40-mm AAAs would breach 55 mm within <4.5 years.
This result correlates nicely with earlier reports.6,30 On
top of this “average growth analyses,” one might also
consider patient individual information to assess the devel-
opment of the diameter (based on average and maximum
diameter growth) as well as neck length and angulation
development.CONCLUSIONS
Clinical trials indicate that surveillance is a safe, cost-
effective way of managing small AAAs,1,31-34 with annual
or less frequent surveillance intervals for all AAAs <45mm in diameter.17 However, neither maximum diameter
nor volume measurements over time are able to measure
the fastest diameter growth of the aneurysmatic sac. As
a consequence, expansion-related wall weakening might
be inappropriately reﬂected by this type of surveillance
data. In contrast, localized spots of fast diameter growth
can be detected through multiple centerline-based diam-
eter measurements over the whole aneurysm sac. This
information might further reinforce the quality of aneu-
rysm surveillance programs.
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